In insulin dependent diabetes mellitus (T1D), self-reactive T cells infiltrate pancreatic islets and induce beta cell destruction and dysregulation of blood glucose. A goal is to control only the selfreactive T cells, leaving the remainder of the T cell population free to protect the host. One approach is blockade of the second signal for T cell activation while allowing the first (antigenspecific) signal to occur. This work proposes that small peptides that block interaction of second signals delivered through the counter receptors LFA-1:ICAM-1 will induce attacking T cells (receiving the antigen signal) to become anergic or undergo apoptosis. In NOD mice, the peptides eliminated T cell reactivity against pancreatic antigens and reduced cellular infiltration into islets, which retained stronger density of insulin staining at five weeks after cessation of therapy. In in vitro studies the peptides induced nonresponsiveness during activation of T cells from mice and from human peripheral blood.
Introduction
The autoimmune disease, type I diabetes (T1D), is driven by self reactive T cells that infiltrate the pancreatic islets of Langerhans, and induce destruction of beta cells and loss of insulin production. This gradually renders the pancreas unable to control blood glucose levels [1] . A long sought approach to therapy of autoimmune disease has been to restore self-tolerance by inducing death or anergy in the T cells that are attacking the target organ while leaving the remainder of the uninvolved T cells free to function in defense of the organism. In T1D, it would be optimal if restoration of tolerance and cessation of attack on the beta cells could be effected while a percentage of beta cells remain so that the patient could retain some insulin producing activity. These goals are the subject of the present manuscript.
Costimulation blockade
One approach for tolerance induction is based on the longstanding concept of second signal blockade. The concept of the two signal requirement for T cell activation was first proposed by Kevin Lafferty and coworkers [2, 3] in 1975, and has been under intensive study since. Engagement of the T cell antigen receptor (TCR) by appropriately presented cognate antigen (signal 1) provides specificity of interaction, activates the T cell and prepares it to respond [reviewed in 4, 5] . Signal 1 also prepares the cell to become anergic or die in the absence of the second signal, which would normally rescue the cell from induced anergy/death. So second signal blockade can lead to inactivation of attacking T cells. The most studied second signal is received by resident CD28, although several additional T cell surface proteins have been classified as receivers for a second signal [rev, 5] . This includes both of the T cell surface proteins targeted in the present study, ICAM-1 (intercellular adhesion molecule-1) [6] and LFA-1 (leukocyte function associated antigen-1) [7] .
Second signal blockade has been employed in association with diabetes and most studies have used antibody to effect the blockade. Examples include blockade of the T cell costimulatory molecules CD28/B7 or CD40/CD40L [8] [9] [10] [11] to treat T1D or assist in islet graft acceptance in NOD mice. Also, over nearly two decades, antibody or full protein blockade of LFA-1 and ICAM-1 interactions has shown promise for treating T1D by tolerance induction [12] [13] [14] but the promise has not been fully realized. Because second signal blockade has shown such promise in animal models, it seems imperative to continue to explore this approach from different angles to elucidate the factors that might promote success in humans.
Peptide blockade of LFA-1:ICAM-1 interaction
The present work uses short peptides to block interaction of the counter receptor pair LFA-1 and ICAM-1 in NOD mice, as a therapeutic approach for T1D. LFA-1is a 2 integrin expressed on leukocytes and ICAM-1 is a member of the Ig superfamily and is expressed on many different cell types including leukocytes, endothelial and epithelial cells [15, 16] . Both LFA-1 and ICAM-1 are resident on the T cell surface, and both are known to have costimulatory function that can receive a second signal into an activating T cell [5] [6] [7] 17] . Blockade of LFA-1:ICAM-1 interaction using antibodies has been used in several autoimmune diseases and organ transplantation [12] [13] [14] 18] . The peptides that we have generated were derived from contact domains in the human sequences of LFA-1 and ICAM-1; they block intercellular adhesion and inhibit human T cell function in a mixed lymphocyte reaction [19] . These human sequences are conserved in mice and work well in mouse assays in vitro.
Potential for inhibition of cell adhesion and migration
In addition to participating in T cell activation, both LFA-1 and ICAM-1 are important for adhesion, extravasation and migration of leukocytes as well as cytotoxic T cell function [rev [15, 16] ]. Specifically, LFA-1 on leukocytes interacts with ICAM-1 on endothelial cells lining blood vessels and this facilitates exit from the blood. Thus, a potential second mechanism of action by interfering with interaction of LFA-1:ICAM-1 is transient impairment of leukocyte migration toward the site of attack. The LFA-1:ICAM-1 interaction also plays an important role in intercellular interaction of CTLs with target cells during CTL-mediated killing [20] .
Approach
Here, we explore the hypothesis that use of the LFA-1-and ICAM-1-derived peptides in treatment of T1D will induce tolerance to pancreatic autoantigens. The non-obese diabetic (NOD) mouse is widely used to study T1D [21, 22] . Ability of T cells from treated animals to respond to pancreatic Ag in a recall response was determined and effects on integrity of pancreatic islets were assessed. Mechanism of action of the peptides was studied using mouse and human T cells in vitro.
Materials and methods

Mice and diabetes monitoring
Female NOD/ShiLtJ mice (Jackson Laboratories, Bar Harbor, ME) were obtained at 8 weeks of age and housed individually in barrier cages. Animal experiments were performed with approval from the University of Kansas Institutional Animal Care and Use Committee. Mice exhibited an average BGL (blood glucose level) of 80 mg/dl at intake; weight and BGL monitoring began at week 11, and at 13 weeks average BGL was 115 mg/dl. Mice were placed into two equal groups by matching BGL levels, and were injected i.v. with the therapeutic peptide combination (cIE-L + cLAB-L), or saline at 48 h intervals. Peptides were injected at 50 g (each) per dose for a total of 100 g/dose. BGL and weight assessments were recorded at the time of injection. Injections were continued for five weeks (17 injections) with the final injection on day 126 (18 weeks). BGL and weight were monitored for an additional five weeks, until day 161 (23 weeks). Weight data were unremarkable across groups throughout the experiment (not shown).
Peptides
Peptides were prepared and cyclized as we have described previously [23] . Cyclized peptides were purchased from American Peptide Company, Inc. (Sunnyvale, CA). Lyophilized peptides were stored desiccated at −20 °C until use when they were resuspended in normal saline. For i.v. injections, 50 g c-IE-L + 50 g cLAB-L were mixed immediately prior to use. For in vitro experiments, peptides were used at 250 M each in cell culture medium RPMI 1640.
Monitoring of diabetes and treatments
Blood glucose level (BGL) was monitored weekly before and after treatment and on alternate days during treatment using the OneTouch Ultra 2 glucometer and test strips from LifeScan, Inc. (Milpitas, CA). Mice were fasted 2 h before each BGL reading and weight was determined on the same days as BGL monitoring. Mice were considered diabetic after two consecutive BGL readings >250 mg/dl. When mice were terminated due to severity of disease, BGL of 600 mg/dl was used thereafter in the calculations for those mice. More than five weeks after cessation of injections, mice were sacrificed and pancreata and spleens were harvested for further analysis.
Splenocyte isolation, cell culture and pancreatic lysates
Spleens were harvested, minced and repeatedly pressed through a sterile 70 m nylon mesh cell strainer. Erythrocytes were cleared using ACK lysis buffer (0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM Na 2 EDTA, pH 7.2) at 37 °C. Human T cells were isolated as we have described [6, 17] , from blood of healthy donors by Ficoll-Hypaque (Pharmacia, Piscataway, NJ) centrifugation followed by E-rosetting. T cell purity was verified by flow cytometric analysis. Total splenocytes and human T cells were cultured in complete RPMI 1640 (Mediatech, Herndon, VA) supplemented with 10% FBS (Atlanta Biologicals, Norcross, GA) as described [6] . Mouse cells were cultured with addition of beta mercaptoethanol.
Pancreatic lysates used for antigenic stimulation of splenocytes were made from healthy NOD mice by mincing and digestion in 1.1 mg/ml Collagenase P (Roche Diagnostics, Morristown, NJ) in HBSS containing 10 mM HEPES for 15 min at 37 °C, followed by three cycles of freeze-thaw.
Cell stimulation, proliferation assay and flow cytometry
Mouse splenocytes were stimulated via plate bound 0.5 g/ml anti-CD3 (clone 500A2) as we have described [6, 17] or with 25 g/ml pancreatic lysates. Human T cell stimulations were similar using 1 g/ml anti-CD3 (clone OKT3), 10 g/ml anti-ICAM-1 (clone R6.5) and a concentration of 2 × 10 6 cells/ml. Cells were incubated with 250 M of each peptide for 30 min prior to in vitro stimulation. Cell proliferation was measured with CFSE dilution as we have described [6, 17] . T cells were labeled with 2.5 M carboxyfluorescein succinimidyl ester (CFSE) for 7 min at 37 °C in serum-free RPMI 1640. Cells were labeled for flow cytometry according to the appropriate manufacturer's instructions for the antibody or reagent used. For splenocyte surface protein staining, cells were incubated with anti-CD4-PE (clone RM4-5) and anti-CD8-PE-Cy5 (clone 53-6.7) from BD Pharmingen. Human T cells were stained with anti-CD4-APC (clone OKT4) purchased from BioLegend, Inc. (San Diego, CA). Flow cytometry was performed using the Accuri C6 Flow Cytometer and data were analyzed with CFlow (Accuri Cytometers, Inc., Ann Arbor, MI).
Pancreas imaging
Pancreata were harvested and frozen for sectioning. Planar slices (10 m) were stained with hematoxylin and eosin (H&E), and photographed at 20× using a Zeiss Axioscop photomicroscope (Carl Zeiss MicroImaging, LLC, Thornwood, NY). Infiltration was scored in the traditional manner [1, 21] . Islets were scored as pre-insulitis when no infiltration was observed, peri-insulitis when infiltration had begun with peripherally observed immune cells, intra-insular insulitis when immune cells had clearly infiltrated the islet and complete islet destruction when the islet appeared totally infiltrated by immune cells.
Insulin immunohistochemistry was conducted using anti-insulin Ab (Santa Cruz Biotechnology, Santa Cruz, CA) and a Histostain-Plus Kit (Invitrogen, Frederick, MD) as we have published previously [24, 25] . Slides were counterstained with hematoxylin to identify cell nuclei. For fluorescence imaging, samples were prepared and stained according to published procedures [24, 25] . Images were captured on a Nikon C1Si or C1 Plus confocal microscope and analyzed using EZ-C1 3.90 Free viewer or Adobe Photoshop CS5 software. We estimated the cellular composition of islets by counting the individual types of cells [ cells (anti-glucagon, Abcam, Cambridge, MA), cells (anti-insulin, Abcam or Santa Cruz Biotechnology), or cells (anti-somatostatin, Abcam)] in each islet, and dividing each by the total number of endocrine cells per islet.
Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad Software, La Jolla, CA.) or SigmaStat (Systat Software Inc. San Jose, CA). Statistical tests and significance for individual figures are indicated in figure legends.
Results
Peptides and diabetes
Others have used peptides designed from ICAM-1 to cause inhibition of LFA-1/ICAM-1 interaction [26, 27] . Our group designed a series of peptides [17, 19, 23] from contact domains of human ICAM-1 and LFA-1. These peptides inhibited the human T cell response in a mixed lymphocyte reaction (MLR) in a dose dependent manner, were not agonistic in a T cell activation response, and were not toxic to the cells. For use here, peptides were synthesized in a cyclic form [23] . cIE-L (DQPKLLGIET) was derived from the first Ig domain of ICAM-1; cLAB-L (ITDGEATDSG) was from the I-domain of the LFA-1 -subunit (CD11a). NOD mice were injected on alternate days for five weeks with saline or the therapeutic peptide combination beginning in week 13 (91 days) of life and ending in week 18 after 17 doses had been administered. Blood glucose level (BGL) was monitored weekly (and on injection days) from 11 weeks of age until 23 weeks when the mice were harvested.
The experiment showed a trend toward slight delay of diabetes onset in therapeutically treated mice. Mice receiving saline exhibited a sharp increase in the rate of BGL elevation beginning at 17 weeks, just before cessation of injections (Fig. 1A ) whereas treated mice appeared to experience a slightly later onset. However, the difference between the two curves was not statistically significant (p = 0.06) over two weeks and the data only suggest a trend of slight delay. Elevated BGL was accompanied by onset of diabetes (Fig. 1B) . The mice receiving therapeutic peptides showed a trend suggesting only a barely modest delay in onset of diabetes until 20 weeks (140 days), three weeks after disease onset in the controls and 2 weeks after termination of the peptide injections. The apparent delay was not statistically supported using the log rank test. The day of overt diabetes onset (BGL >250 mg/dl) for each mouse was plotted ( Fig. 1C ) using mice shown in panel B. The dotted line indicates the end of the study and mice not scored as diabetic at that point are indicated above the line as square symbols. Statistical significance was determined to be less than 0.05 using one-tailed Student's t test to compare results from saline and therapeutic peptide injection of the mice. We conclude from this experiment that when therapy was begun at 13 weeks, its effects in NOD mice on BGL, the primary index of diabetes, were modest at best. However, administration of therapy was initiated later than is customary with these mice and reports exist indicating that in the NOD mouse, BGL readings are not always coincident with other measures of disease [28] .
T cells from peptide treated mice did not respond to islet antigen in a recall response
The basic hypothesis under investigation was that peptide inhibition of the costimulatory signals delivered by interaction of LFA-1 and ICAM-1 would lead to anergy or death of the antigen reactive T cells in vivo. If the hypothesis were supported, T cells reactive to pancreatic antigens and therefore capable of attacking the pancreas would be detectable in the control mice but not in therapeutically treated animals.
Splenocytes were harvested at 23 weeks, five weeks after cessation of injections, and proliferative response to pancreatic antigen by the splenic T cells was measured over five days in culture. Mice used here were also used in later experiments. BGL in saline control animals shown in Fig. 2 were: 600, 600, 445, 251 and 113. BGL in the peptide treated animals at time of harvest was: 600, 251, 147, and 137. Representative experiments are shown in Figs. 2A-D , and results are summarized in panels E and F. Cell division was gated based on the undivided peak from the negative control in Fig. 2A . The same gate was used for Figs. 2B-D for consistency. CD4+ or CD8+ splenocytes from saline control mice (panel A) or therapeutically treated mice (panel B) incubated in the absence of specific antigen underwent minimal spontaneous cell division. Approximately 80% of both CD4+ and CD8+ T cells from saline injected control mice responded to pancreatic antigen by proliferating (Fig. 2C) , indicating the presence of Ag-specific T cells in both the CD4 and CD8 populations. In contrast, no Ag-induced cell division was observed in either the CD4+ or CD8+ T cells taken from therapeutically treated mice (Fig. 2D) suggesting that the pancreasreactive T cell response had been eliminated by in vivo treatment with the therapeutic peptides.
In individual experiments, the average increase in the number of dividing cells stimulated with pancreatic antigen when compared to cells with no stimulation was between 15 and 30 fold with the saline control mice (not shown). This was in contrast to no increase with the therapeutic peptide-treated mice and this difference held for both CD4+ and CD8+ T cells (individual data not shown, but see below). Proliferation indices were calculated for each mouse by dividing the number of proliferating cells without antigen stimulation into the number of proliferating cells with antigen stimulation minus the number of proliferating cells without antigen; these were plotted for both CD4 and CD8 cells (Fig. 2E) . The proliferation index for cells from saline control mice was 9 for CD4+ T cells and almost 5 for CD8+ T cells while both indices were 0 for T cells from therapeutically treated animals. Fold increases of response by individual mice for CD4+ and CD8+ cells are shown in Fig.  2F . A value of 1 indicates no response. This approach exhibited the same trend of difference between treatment groups as did quantifying the average number of dividing cells and the proliferation index. The inability of T cells from therapeutically treated mice to respond to pancreatic antigen suggests that the basic hypothesis was upheld and the Agresponsive T cells were either rendered anergic or induced to die in vivo in response to the therapeutic peptides.
Islets in mice treated with therapeutic peptides showed greatly reduced infiltration
Blockade of T cell second signal is known to induce anergy or apoptosis in T cells that are receiving signal 1. This indirectly should lead to diminished infiltration of islets by T cells. In addition, the counter receptors ICAM-1 and LFA-1 interact during leukocyte extravasation and potentially play a direct role in infiltration of islets. Five weeks after cessation of treatment, pancreata were harvested, and islets were examined for level of infiltration (Fig. 3) . Using conventional hematoxylin and eosin preparations, pancreata from saline injected mice exhibited a high level of leukocyte infiltration (Fig. 3A) compared with therapeutically treated mice (Fig. 3B) . Eighteen islets in the tail section of the pancreas were examined in 3 saline control mice (BGL levels, 251, 224, 600 mg/dl), and 17 islets were observed in 4 therapeutically treated mice (BGL levels, 137, 147, 226, 600 mg/dl). Infiltration was almost exclusively by mononuclear cells. Using a conventional scoring system (Fig. 3C) , over half the islets from saline treated mice were completely infiltrated and another third were classified in the intra-insular infiltration category while only 5% scored as pre-insulitis indicating no infiltration. In contrast, the majority (almost 85%) of islets from therapeutically treated mice showed no infiltration.
For a more detailed analysis, we stained for insulin in conjunction with hematoxylin. In Fig.  3D a high degree of cellular infiltration surrounded the (representative) insulin-containing islet from a saline treated mouse, in contrast with the (representative) islet from a therapeutically treated mouse (Fig. 3E) where infiltration was considerably weaker. The cellular infiltrates of 17 islets from saline treated and 13 islets from therapeutic peptide treated mice were quantified (Fig. 3F) , and presented as the ratio of infiltrated area to remaining islet area. The ratio was approximately 3 fold greater in islets from saline treated mice. Thus, mice treated with the therapeutic peptide combination were experiencing greatly reduced leukocyte infiltration compared with controls, at the time the experiment was terminated.
Peptide therapy preserved the insulin response
Islets stained for insulin and hematoxylin (such as the ones shown in Figs. 3D, E) were evaluated for intensity of staining for insulin using our previously published protocols [24, 25] . Seven control islets and five islets from therapeutically treated animals were scored for pixel intensity associated with individual insulin-stained beta cells. Insulin data from each microscopic field were normalized to the intensity of staining by hematoxylin in individual cells to avoid differences among slides. Insulin in 450 cells from the control animals was compared with 157 cells from therapeutically treated animals. In Fig. 3G , cells from therapeutically treated animals stained 4-fold brighter for insulin than beta cells from the control animals. Thus it appeared that the therapeutic peptides preserved some insulin production for at least 5 weeks after cessation of therapy. Results were uniform among peptide treated as compared with saline treated mice regardless of BGL values at time of harvest.
Islet integrity was preserved by peptide treatment
As just noted, treatment with therapeutic peptides preserved some insulin production (Fig.  3G) . To explore this further, islets were compared for morphology and cellular constitution (Fig. 4) . In the representative confocal images (A and B) , Fig. 3 , the overall intensity of insulin staining was stronger in 47 islets from therapeutically treated mice than in 15 islets from saline treated controls (not shown). As exemplified in the representative images (A and B), islets in saline treated mice were in an advanced state of destruction at time of harvest compared with islets in therapeutically treated animals. Interestingly, overall cellular composition of the islets suggested that no difference existed in the relative percentages of , and cells between islets from saline treated and therapeutically treated mice (Fig. 4C) , although a trend occurred toward more cells in therapeutically treated animals and more cells in the control animals. Since healthy mouse islets contain 60% cells, we calculated the percentage of islets with 60% or greater cells. In the saline control group, only 12% of the islets reached this threshold, whereas in the peptide-treated group, 31% reached the mark ( 2.5 times greater). Finally, the density of islets per unit area was higher (1.7 ± 0.2 islets per field) in the therapeutically treated mice compared with saline treated mice at 1.05 ± 0.2 islets per field (not shown). Thus, at termination of the experiment, therapeutically treated mice had retained more islets with greater intensity of insulin than were present in the saline control mice.
Mouse T cells treated in vitro with peptides did not proliferate in response to a mitogenic stimulus
Mice treated in vivo with therapeutic peptides, were found to contain no T cells that responded to specific antigen (Fig. 2) suggesting that the peptides induced death or anergy in vivo in an antigen-selective manner. We attempted to mimic this in an in vitro T cell activation assay by exposure of cells to therapeutic peptides immediately before general stimulation through the TCR using anti-CD3 Ab. Nontreated NOD mice were used for consistency in the study, although Ag specificity was not an issue here. The mice exhibited BGL of 93, 87, 90, 138, 168, 179, and one was frankly diabetic with BGL of 437. Splenocytes from these nontreated NOD mice ranging from 10 to 32 weeks of age were tested for effects of the peptides in an in vitro cell proliferation assay. Cells were cultured in plastic wells coated with anti-CD3 to stimulate through the TCR complex and activate effector/memory T cells. Activation was determined by measuring CFSE dilution and cells were co-stained for CD4 or CD8 (Fig. 5A) . As expected, in these representative panels, total splenocytes left nonstimulated, with (2.3%) or without (5.2%) therapeutic peptides did not proliferate. Splenoctyes stimulated through CD3 in medium alone for 7 days proliferated (35.4%) whereas splenocytes stimulated through CD3 in the presence of added therapeutic peptides did not proliferate (3.0%). Data from all seven mice were combined and percent of cells responding was calculated for each group (Fig. 5B) . Percent of total splenocytes that were dividing in response to stimulation through CD3 in the presence of therapeutic peptides ( 12%) was significantly lower than percent of splenocytes (22%) dividing in response to stimulation through CD3 without peptide inhibition (Fig. 5B ). CD4+ and CD8+ T cells followed the same proliferation trend as did the total splenocytes in response to peptides (Fig. 5C) . Notably, there was little difference in proliferation or lack thereof associated with individual BGL levels or disease status of the mice used. Thus, the therapeutic peptides inhibited proliferation in an in vitro assay as NOD mouse T cells were being stimulated through CD3.
Peptide treatment diminished TCR-induced T cell proliferation in vitro by human T cells
We investigated whether the therapeutic peptides also inhibited the ability of human T cells (Fig. 6 ) to proliferate in response to a general mitogenic stimulus in the same manner as we observed in the mouse. As mentioned, the amino acid sequences of the peptides are conserved between human and mouse. Proliferation in the presence or absence of peptides was determined by CFSE dilution as we have done many times [e.g. [6, 17, 29] ]. Representative results of three separate experiments are presented in dot plots and a histogram (Fig. 6A) and summarized in Fig. 6B . When cultured in medium alone, total human peripheral T cells stimulated through CD3 + ICAM-1 proliferated robustly (59%), undergoing multiple rounds of division (Fig. 6A upper left panel) , and this proliferation was reduced to 2% when cells were stimulated in the presence of the therapeutic peptide combination (Fig. 6A, upper right panel) . The CD4+ cells (Fig. 6A , lower panels), proliferated robustly (41%) as did the CD4(−) (putative CD8+) T cells (17%) in response to the stimuli (left panel). In the presence of therapeutic peptides (right panel) neither the CD4+ nor CD8+ cells proliferated. Over the three experiments, the average percent ( Human-derived peptides representing contact domains of LFA-1 and ICAM-1, and inhibiting interaction of these two counter receptors, were used to study T1D. The sequences are conserved in mice, and in the NOD mouse model, the human-derived peptides reduced the presence of T cells capable of specifically attacking the pancreas in vivo, prevented infiltration of pancreatic islets and inhibited islet degradation. In cell culture, the humanderived peptides reduced mitogen-induced proliferation of mouse and human T cells.
Discussion
Overview
Interaction of the adhesion molecule, ICAM-1 with the integrin, LFA-1 is likely to play a role in both initiation and progression of T1D since ICAM-1 is expressed at high levels on vascular endothelium, ductal epithelial cells, and endothelial cells in NOD mouse pancreas and both LFA-1 and ICAM-1 are expressed on infiltrating lymphocytes [14, [30] [31] [32] . Our previous findings identified short, cyclic peptides that inhibit ICAM-1:LFA-1 interactions, thereby putatively arresting T cell activation [19, 23] . In the present study, we examined the ability of peptide blockade of ICAM-1:LFA-1 interaction to affect the function of T cells in the NOD mouse model of T1D.
Reduction of pancreas-specific T cell activity and islet preservation
Blockade of LFA-1:ICAM-1 interactions beginning at 13 weeks induced inactivity of pancreas-specific T cells and this influence remained until at least 23 weeks (5 weeks after cessation of therapy) at which time the experiment was terminated. This lack of recall response was similar to that observed by others [9, 11] when the therapy was effected by blockade of CD40:CD40L, or B7-H4. Islet specific T cell clones have been established from spleens of NOD mice [33] , suggesting that antigen-specific responses in the spleen are representative of the T cell response in T1D. Splenocytes from saline treated control mice specifically responded to cell antigen when challenged in vitro, whereas splenocytes from therapeutically treated mice did not. This suggests that the therapeutic peptides rendered the mixed T cell population unable to respond to pancreatic antigens. Secondly, in vitro incubation of splenocytes from untreated NOD mice, as well as human PBL-T cells with therapeutic peptides prevented the response to TCR stimulation. These cells also did not demonstrate an elevated degree of apoptosis (not shown). Based on the in vitro data, it seems likely that in mice and humans, the peptides might not induce death of the T cells in vivo, but instead may render them unresponsive. This remains to be tested. The length of time that such putatively anergic cells will remain nonresponsive also remains to be determined. However, based on the in vivo mouse experiment, cells were nonresponsive at least 5 weeks after cessation of therapy (time of termination of the experiment) suggesting the beginning of a reasonable level of durability.
In other studies using costimulatory blockade, the islets of Langerhans typically experienced massive insulitis when the blockade was initiated as late as 9 weeks [e.g. [8, 9] ]. In the work described here, blockade of LFA-1:ICAM-1 interactions initiated at 13 weeks led to markedly reduced insulitis at 23 weeks (5 weeks after cessation of therapy) accompanied by comparatively greater insulin content in each islet. In contrast, islets of control saline-treated mice were heavily infiltrated at the same point in the experiment and had undergone considerable destruction.
In vivo blockade of two sets of T cell signals compared favorably with other such approaches
Blocking multiple costimulatory pathways does seem to provide more efficient treatment of T1D than blockade of a single costimulatory pathway. The combination of monoclonal antibodies against ICOS and CD40L significantly diminished disease in NOD mice compared with blockade of either pathway alone when the treatment was given at 10 weeks of age [10] . The present work effectively blockades two different T cell signaling pathways since both LFA-1 and ICAM-1 are resident on T cells and each sends its own set of signals into the cell [6, 7] .
Costimulatory blockade of T cell signaling has been examined by others as treatment for diabetes and other autoimmune diseases [rev in [34] ]. In one example, use of CTLA4Ig and anti-B7.2 to interfere with the CD28:B7 pathway during the development of diabetes, inhibited the disease when administered at 2-4 weeks of age but not after 10 weeks [8] . Also, this therapy did not inhibit insulitis at any stage of administration; and treatment with anti-B7.1 accelerated the disease [8] . Inhibiting the CD40:CD40L interaction also prevents onset of the disease in NOD mice when administered at 3 weeks of age but not after 9 weeks and the mechanism i.s not via a regulatory T cell pathway [9] . Coincidentally, the CD4 lo CD40+ (Th40) population, known to participate in autoimmunity and in diabetes in the NOD mouse [35, 36] undergoes strong expansion over this time interval and may have the ability to overcome the CD40:CD40L blockade when it is administered later. The balance between Treg and Th40 seems to be crucial in regulation of onset. Previous work with ICAM-1:LFA-1 blockade was conducted with monoclonal antibodies and did cause reduced symptoms of T1D [13] . This was attributed to the inability of lymphocytes to enter islets, and at the time (1994), was not considered to be due to functional impairment of lymphocytes. Our present data are consistent with the hypothesis that blocking the LFA-1:ICAM-1 interaction with these peptides inhibits both T cell localization and T cell function.
Lack of insulitis plus ablation of the T cell response failed to stop increased BGL
The present therapy was initiated at 13 weeks, a time when insulitis is reported to be well under way, and the trend of the BGL data was that the therapeutic peptides at best only modestly delayed onset of diabetes compared to saline injection. Our data suggest that the therapeutic peptides inactivated the T cell component of T1D, and possibly stopped insulitis. However, for both treated and control groups, 75% of the mice still eventually did develop elevated BGL. This is not uncommon since delay in onset accompanied by diabetes later was noted in at least 15 other studies [34] .
One possibility to explain delay without prevention is that the therapy was initiated too late after onset of insulitis. In these mice, insulitis begins around five weeks of age [21, 22] . As early as three weeks of age, dendritic cells and macrophages are found in pancreatic infiltrates and these cells are thought to be participating in initiation of self-reactive responses [37] [38] [39] . It is conceivable that some crucial event was too advanced for recovery from symptoms even though the therapy greatly reduced the pancreatic infiltration and diminished the T cell response. In a comparable NOD study [40] anti-CD3 Ab caused a delaying effect on disease onset only when administered at 12 weeks (not at 4 or 8 weeks) and all animals eventually developed diabetes. So timing of therapy indeed is important for outcome in this model. Also, insulin autoantibodies can reach peak levels in prediabetic mice [41, 42] . Although T1D is a T cell driven disease, insulin autoantibodies are a contributing factor to disease progression and would have begun to be produced at elevated levels by the time of administration of the therapeutic peptides. Such Ab would theoretically not be influenced by the LFA-1:ICAM-1 blockade. So even if some of the immune components can be diminished in the NOD mouse, disease progression may continue based on other predisposing genetic factors. In a comprehensive review of all NOD studies up to the year 2005, [34] it was noted that some therapeutic approaches are more successful when administered early and others are better when applied later in the disease. The timing of 13 weeks is likely to be late in the prediabetic process and additional studies at both earlier and later times would be fruitful.
The use of the NOD mouse model for T1D has many advantages when examining the immune reaction due to its similarity to the human immune process of disease [43] . In the present work, it seems that the NOD mouse modeled T cell responses reasonably well. However, the universal utility of the model has come into some question [44] [45] [46] and an alternative animal model that more faithfully represents T1D has been deemed appropriate. In the aforementioned comprehensive review [34] it was pointed out that as long as the NOD mouse model is not expected to be completely faithful to the human disease, much can be learned.
Summary
Considered together, data presented here suggest that peptide blockade of LFA-1:ICAM-1 interactions in NOD mice inhibited or somehow reversed infiltration into the pancreas and also inhibited activation of T cells with reactivity to pancreatic antigens. In vitro, the peptides inhibited activation of both murine and human T cells that were under a general mitogenic stimulus. The accumulated data suggest that this combination of LFA-1 and ICAM-1 blocking peptides may help further elucidate the mechanisms of T1D, and could potentially provide a useful therapeutic model for autoimmune disease and organ transplantation.
aid from the Kansas University Diabetes Institute and in part by DK073119 from the National Institute of Diabetes and Digestive and Kidney Disease. Therapeutic peptides exerted modest effect on onset of diabetes in NOD mice. (A) NOD mice were injected on alternate days for 5 weeks with saline (dashed line) or therapeutic peptides (solid line). Injections began in week 13 (91 days of life) indicated by the first arrow and ended in week 18 (second arrow) after 17 doses had been administered. Blood glucose level (BGL) was monitored weekly (and also on injection days) from 11 to 23 weeks of age and the means ± SEM are presented. Student's t test showed a very modest difference (p < 0.06) between saline control and therapeutically treated animals with only two time points (*). (B) Percentages of mice remaining diabetes-free (where diabetes was scored as >250 mg/dl) are shown for each group (n = 9 to 12 mice per group). Saline treated mice are indicated by circles and therapeutically treated mice by squares. Apparent differences between groups were not statistically significant as determined by the log rank test. (C) The day each mouse became diabetic was plotted for the control and therapeutically treated groups used for panels A and B. The dotted line indicates the end of the study and any mice not diabetic by that time were placed above the line as square symbols. Four of the 9 mice that received therapy remained healthy and 3 of the 12 saline mice did not develop disease. Statistical significance was determined to be less than 0.05 using one-tailed Student's t test. Splenic T cells from therapeutically treated mice were not responsive in vitro to pancreatic islet antigen in a recall response. Splenocytes were isolated at the end of the experiment (23 weeks) from mice treated with saline or therapeutic peptides and cultured in medium alone or medium plus 25 g/ml pancreatic lysate antigen. The cellular proliferative recall response was determined using a CFSE dilution proliferation assay. Representative flow cytometry histogram plots are shown for CD4+ and CD8+ T cells. Cell division was assessed without pancreatic lysate antigen (A and B) or with antigen (C and D) in cells from saline control (A and C) or therapeutic peptide treated (B and D) mice. (E) CD4 and CD8 splenocytes from mice injected with saline control (open bars) or therapeutic peptides (filled bars) were cultured without or with antigen, proliferation was measured using CFSE and a proliferation index was calculated as described in the text and plotted. (F) The cell division response was measured for CD4+ or CD8+ T cells according to individual mice. Cells from each mouse were stimulated in vitro or not stimulated with pancreatic antigen as described for panels A-D, and fold differences in proliferation were calculated per mouse. Circles represent saline treated and triangles represent therapeutically treated animals. Data are shown as mean ± SEM (n = 4 or 5 animals per group). Statistical significance was determined using a MannWhitney test. *p < 0.05. Therapeutic peptides reduced leukocyte infiltration of islets. Pancreata were isolated from saline control or therapeutic peptide treated mice, and pancreas sections were stained with hematoxylin and eosin (A and B) or hematoxylin and anti-insulin(D and E). Representative images of islets are shown from a saline treated mouse(A and D) and a therapeutically treated mouse (Band E). The levels of islet infiltration were quantified from control and treated mice using H&E staining and severity was assigned according to the characteristics listed in Materials and methods, and plotted (C). Relative areas of islets undergoing infiltration were quantified in slides stained with anti-insulin and hematoxylin (D, E). Total area of each islet as well as infiltrated area were quantified and presented (F) as a ratio of infiltrated to total area. For peptide treated mice, n = 13 islets, and n = 17 islets for saline injected animals. Intensity of staining for insulin (G) was quantified in islets from 3 saline control or 4 therapeutically treated animals by assessing the brightness of insulin staining per cell and normalizing to the intensity of hematoxylin stained cells for that slide. Results are presented as relative insulin density (G). Numbers of islets or cells were taken as described in the text. Statistical significance was determined by hierarchical ANOVA and * indicates p < 0.001. Mice treated therapeutically retained islets with near normal integrity. Pancreatic slices were stained (A and B) for insulin ( cells) seen as green, glucagon ( cells) seen as red and somatostatin ( cells) which appear as blue. Relative cellular composition of islets was determined (panel C) and plotted as percentage of total. There was no statistical difference in relative cellular composition between the groups as determined by hierarchical test. 
